In the emerging field of magnonics, spin waves are foreseen as signal carriers for future spintronic information processing and communication devices, owing to both the very low power losses and a high device miniaturization potential predicted for short-wavelength spin waves. Yet, the efficient excitation and controlled propagation of nanoscale spin waves remains a severe challenge. Here, we report the observation of high-amplitude, ultrashort dipole-exchange spin waves (down to 80 nm wavelength at 10 GHz frequency) in a ferromagnetic single layer system, coherently excited by the driven dynamics of a spin vortex core. We used time-resolved x-ray microscopy to directly image such propagating spin waves and their excitation over a wide range of frequencies. By further analysis, we found that these waves exhibit a heterosymmetric mode profile, involving regions with anti-Larmor precession sense and purely linear magnetic oscillation. In particular, this mode profile consists of dynamic vortices with laterally alternating helicity, leading to a partial magnetic flux closure over the film thickness, which is explained by a strong and unexpected mode hybridization. This spin-wave phenomenon observed is a general effect inherent to the dynamics of sufficiently thick ferromagnetic single layer films, independent of the specific excitation method employed.
Spin waves are the collective excitations of magnetically ordered spin systems, with the 'magnon' being their fundamental quantum of excitation [1] [2] [3] . In a simplified view, a spin-wave can be regarded as a collective precession of the magnetization (M) with a periodic spatial phase shift [ Fig. 1a ], imposing the wavelength λ and, inversely, the wavevector k = (2π/λ)ek, with ek corresponding to the propagation direction of phase fronts. Taking into account the precession frequency f, the phase velocity of a spin-wave is determined by v = λf. Depending on the underlying magnetic system, spin waves cover a wide spectral band, up to the THz range with wavelengths extending from macroscopic length scales to the sub-nanometer domain [4, 5] .
While spin waves also occur in three-dimensional bulk systems, the main focus of magnonics research is set on quasi two-dimensional and technologically most relevant thin film systems.
The two main advantages of using spin waves over present charge-based technologies are a substantially lower power consumption due to the absence of ohmic losses in the signal transfer, and a high device miniaturization potential owing to the orders of magnitude shorter wavelengths of spin waves compared to that of electromagnetic waves [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Prior to further implementation, however, the coherent excitation and controlled propagation of nanoscale spin waves remains a challenge to be resolved.
Typical methods to excite spin waves coherently in magnetic thin films utilize nonlinear parametric pumping by uniformly alternating magnetic fields [9, 14] , patterned conductive antennas as microwave to spin-wave transducers [7, 8, 14] , or current induced spintransfer torques in nano-contact geometries [9, 10, 12] . A major drawback of parametric pumping, however, is the cumbersome tunability of the excited wavelengths, whereas the two other methods mentioned experience difficulties to efficiently generate propagating spin waves with wavelengths below the patterning sizes involved [14] . Recently, the latter limitation was partially overcome in specific magnetic systems by -when categorized in general terms-making use of Fano resonances [6, 11, [15] [16] [17] [18] , exploiting the Schlömann mechanism [19] [20] [21] [22] [23] , or by a post-excitation variation of the magnonic index [24] [25] [26] . Yet, for the technologically most relevant plain thin film geometry, the demand for high amplitude ultrashort spin-wave excitation sources and a subsequent wave propagation remains unanswered at present.
In general, the dispersion relation of spin waves, i.e. the functional relation between frequency and wavelength, is mainly determined by both the magneto-dipole and the exchange interaction, where the first one is dominant in the long wavelength limit and the second governs the regime of ultrashort waves [14, [27] [28] [29] . In magnetic thin films, the dispersion relation strongly depends on the relative orientation of the propagation direction and the static equilibrium magnetization. For in-plane magnetized films, there is a distinction between the so-called backward-volume (k ∥ M) and the Damon-Eshbach (k M) geometry, where the latter typically exhibits higher phase velocities and positive group velocities [14, 30] , making it preferable for signal transmission applications.
While in principle being of surface wave nature with an exponentially decaying thickness profile in bulk samples [30] , Damon-Eshbach waves exhibit an almost uniform distribution of the wave amplitude over the film thickness in thin films whose thicknesses d are much smaller than λ, as shown in Fig. 1b . Such waves have been investigated by optical means, namely by magneto-optical Kerr microscopy [31] and Brillouin light scattering [32] , so far down to wavelengths at the optically accessible lower limit of λ ~ 250 nm. In addition to this quasi-uniform mode, exchange dominated higher order spin waves with non-uniform mode profiles over the film thickness occur at higher frequencies due to vertical confinement effects.
Such modes are typically observed in ferromagnetic resonance experiments as perpendicular standing waves for the non-propagating case of laterally uniform precession "# $% → ' [33, 34] , and they are characterized by their number of precession nodes along the film thickness, as shown in Fig. 1c (one node) [27, 28] . Nevertheless, also first experimental evidences have been found for laterally propagating higher order waves of finite λ in the Damon-Eshbach geometry [27] [28] [29] 35, 36] , by means of spectroscopically detecting incoherent magnons of the thermal excitation spectrum [37] [38] [39] or even coherent waves yet only in the long wavelength limit [40] [41] [42] .
In this Article, we show that high-amplitude, ultrashort (λ ~ 100 nm) propagating spin waves can be excited in a single layer magnetic thin film with a thickness of the order of 100 nm by a nanoscopic magnetic vortex core. For employing this excitation process, which was pioneered recently in a multi-layered heterosystem [6] , the vortex core is driven to gyration by applying alternating external magnetic fields with frequencies of the order of f ~ 10 GHz, and the resulting spin-wave wavelength was found to be directly tuneable by the driving frequency.
We used time-resolved magnetic x-ray microscopy to image the effects of spin-wave emission and propagation. By further analysis, we show that the observed spin waves correspond to the first higher order mode (having one thickness node) in the Damon-Eshbach geometry.
Interestingly, the thickness profile of the observed mode is found to be influenced by a significant mode hybridization and that it therefore is of heterosymmetric character with respect to the perpendicular (symmetric) and lateral (antisymmetric) dynamic magnetization components. Thus, the excited spin wave mode exhibits points of purely linear magnetic oscillations and regions with anti-Larmor precession sense.
Our experimental sample is a Permalloy (Ni81Fe19) circular thin film disc with a lateral diameter of 3 µm and a thickness of d = 80 nm [cf. supplemental material (SM) (1)]. The expected magnetic ground state for this sample is that of a topological spin vortex with fluxclosing in-plane magnetization circulation and a perpendicularly oriented nanoscopic vortex core in the center [43] . We verified the sample to be in such a magnetic vortex state by imaging its local magnetic orientation m = M/M using scanning transmission x-ray microscopy (cf.
methods). Figure 2a shows a microscopy image with lateral mx-sensitivity (white: +mx, black:
-mx) revealing the in-plane magnetic orientation in the disc (indicated by the red curling arrow).
For the generation of spin waves, the sample was excited by in-plane magnetic fields
Hy(t) = Hy0 sin (2πft) alternating in time t. We directly imaged the dynamic response m(t) in the disc by stroboscopic, time-resolved scanning transmission x-ray microscopy in the frequency range from 5.6 to 10.1 GHz. Figure 2b displays a snapshot of such a dynamic response with perpendicular mz magnetic sensitivity to an excitation with a frequency of f = 7.4 GHz and an amplitude of µ0Hy0 ~ 1 mT, (µ0 = 4π·10 -7 Vs/Am being the vacuum permeability). The vortex core is clearly visible as a black dot in the center of the disc (pointing into the plane). Moreover, a radial spin-wave pattern can be observed, with highest amplitudes in the vicinity of the core (cf. magnified inset), decaying towards the edge of the disc. This spin-wave pattern is further highlighted in a normalized view (cf. Fig. 2c) , showing the temporal perpendicular magnetic deviations [∆mz(t)] in the disc. From the full dynamic microscopy image sets, provided as movies (M1-M6) in the SM, it becomes obvious that the observed spin waves are emitted from the vortex core. Driven by the alternating magnetic field, the gyrating vortex core dynamically induces dips of same and opposite magnetic orientation acting as gyrating pair of confined perpendicular magnetic perturbations [44] [45] [46] [47] [48] . These perturbations cause the coherent local excitation of propagating waves [6] [cf. SM (3d)] resulting in a spiralling emission pattern that was further confirmed by micromagnetic simulations [cf. SM M7]. More abstractly, this effect can be seen as a local Fano resonance [15] of the discrete core gyration mode with the continuum of propagating spin waves, mediated via a coherent and linear coupling. Note that such linear coherent spin-wave generation is not a consequence of a frequency-doubling mechanism [49] and, at the same time, fundamentally different from the process of incoherent spin-wave excitation reported earlier for the case of dynamic vortex core reversal [50, 51] . Once excited, the spin waves in our experiment propagate radially towards the edge of the disc, i.e., the propagation is always perpendicular to the azimuthal vortex equilibrium magnetization, which formally corresponds to the Damon-Eshbach geometry (k ⊥ M). Along with the continuous phase difference of the spin waves emitted during gyration, this leads to the formation of a spiral pattern. The propagation is visualized by means of line profiles (along the green arrow in Fig. 2c ) for a relative time delay of 77 ps as indicated by a blue and a red line, respectively, in Figure 2d . exemplarily for (f = 5.6 GHz, λ = 250 nm) and (f = 8.5 GHz, λ = 110 nm), respectively. This wide-band process of vortex core driven spin-wave generation, observed in a single magnetic layer, underlines the universality of the effect of spin wave emission from confined noncollinear spin textures such as domain walls [49, [52] [53] [54] [55] and topological vortex cores, where the latter had only been reported for a highly specific multi-layered heterosystem so far [6] . Besides the fact that the spin wave excitation takes place in a single magnetic layer, the excitable spinwave frequencies found here (exceeding 10 GHz), are substantially higher than those observed in the previous case [6] , and the corresponding wavelengths clearly attain the ultrashort (sub-100 nm) regime. Note also that the observed spin waves are not standing wave eigenmodes of the disc [46] , but are independent from the lateral sample dimensions [cf. SM (3c)].
The spin-wave dispersion relation f(k) of the experimentally observed spin waves [cf. Fig. 3 , red dots] was found to exhibit an almost linear behavior at a constant group velocity of vg = dω/dk = 550 m/s in the k-range given (25<k<80) rad/µm, where ω = 2πf corresponds to the angular frequency. Remarkably, this dispersion is qualitatively different from the analytically calculated zeroth order, quasi-uniform (for k < 25 rad/µm) Damon-Eshbach dispersion [27, 28] [cf. SM(4)], (see blue line in Figure 3 ) typically investigated in the framework of magnonics so far.
At the same time, higher order perpendicular standing spin-wave modes observed for the case of laterally uniform precession "# $% → ' [33, 34] are predicted to extend to the regime of laterally propagating dipole-exchange waves of finite # $% . We therefore analytically calculated [27] (cf. methods) the dispersion relations of both the first (p=1) and the second (p=2) of these higher order modes, shown as red and green lines in Fig. 3 It is remarkable that for sufficiently thick layers, as it is the case for our system, the first higher order spin wave dispersion above a certain frequency (here ~5 GHz) exhibits significantly larger k-values than the quasi-uniform Damon-Eshbach dispersion (cf. Fig. 3 ). For k-values above ~ 1 rad/um, equivalently, the frequency (and thus the magnon energy) of the first higher order spin wave mode is lower than that of the quasi-uniform one. This is in contrast to ferromagnetic resonance experiments "# $% → ' and travelling waves in ultrathin films, where higher order perpendicular standing waves solely occur at frequencies above that of the uniform precession and the quasi-uniform propagation, respectively [33, 34] .
In order to qualitatively understand the characteristics of the experimentally observed dispersion law, we evaluated the simulated thickness profiles for both the quasi-uniform (cf. at a fixed frequency of 8 GHz (dotted horizontal line in Fig. 3 ). With the static equilibrium magnetization meq aligned along +y (into the paper plane), the top (middle) panels of Fig. 4 show the thickness distribution of the dynamic magnetization components mz (mx) at a fixed time, while the bottom panels display the corresponding precession orbits and phases. By analyzing the quasi-uniform spin-wave profile with a lateral wavelength of ~ 2 µm, the following becomes obvious: As expected, both dynamic magnetization components mz (Fig. 4a) and mx (Fig. 4b ) are distributed almost uniformly over the film thickness, with a slight decay from the top to the bottom surface only. As a consequence, the precession phase (Fig. 4c) is constant over the film thickness, and the sense of precession always corresponds to the Larmor sense, i.e. a right-handed precession with respect to the direction of the equilibrium magnetization meq.
This situation fundamentally changes for the first higher order mode, which exhibits a more than 20 times shorter wavelength of only ~ 100 nm at the same frequency. Here, the dynamic magnetic mz component appears to be much more localized in the center of the film, decaying towards both the top and bottom surfaces (cf. Fig. 4d ). The position of the maximum amplitude, nevertheless, is slightly shifted from the center to the lower half-space of the film.
Analogously to quasi-uniform Damon-Eshbach waves, but with opposite sign, this amplitude asymmetry determines the wave propagation direction in relation to meq, which means k is pointing along +x for the given case. The dynamic mx-component profile (cf. 
where the k-dependent coefficients d *,*´( ,), i *,*´( ,) can be determined as described in Ref.
[27]. In the diagonal approximation (i.e. when mode hybridization is neglected) all coefficients with > ≠ > are equal to zero, which makes the vertical profiles essentially independent of k and analogous to those of perpendicular standing waves, yet with finite lateral wave lengths.
So far, it was generally considered that the hybridization of modes of different thickness index was important only in the vicinity of the avoided crossing points of the dispersion curves of these modes, as the hybridization intensity is inversely proportional to the modes' frequency difference. However, analytically calculated mode profiles considering free surface boundary conditions [cf. SM(4b)], that were found to very well match the numerically simulated ones shown here, indicate that a significant hybridization is also present for k-values that are well above the avoided crossing points. This strong mode hybridization is a consequence of the fact that the non-diagonal elements of the inter-mode dipole-dipole interaction are strongly kdependent, i.e. they approximately linearly increase with the lateral wave number k [27] .
The pronounced hybridization being present at relatively large wave numbers leads to the formation of the rather peculiar mode profile discussed above. Obviously, the flux-closing thickness profile results mainly from the hybridization between the uniform mode (p=0) and the first higher order mode (p=1), with mx being essentially given by the first higher order mode and mz being dominated by the uniform mode. Although our experiment cannot directly resolve the magnetization distribution along the film thickness, it indirectly confirms the numerically established result that the mz-component has no node, as the presence of a node would lead to a strongly reduced magnetic contrast as opposed to the experimental results.
In summary, we observed the coherent excitation of high-amplitude spin waves with sub-100 nm wavelengths by the driven non-resonant gyration of topologically stabilized magnetic vortex cores in single layer magnetic thin film structures. This excitation mechanism does not require any magnetic bias field, and it was found to persist over a wide frequency range exceeding 10 GHz. We employed time-resolved scanning transmission x-ray microscopy to directly image the corresponding spin-wave propagation, revealing an almost linear dispersion The magnetization dynamics in the Permalloy element was excited by a local magnetic Oersted field. This field was generated via an alternating electric current flowing through a copper stripline on top of the sample. To characterize the electric excitation signal, both the input signal and the transmitted signal were analyzed using power meters and a spectrum analyzer. Taking advantage of the inherent time structure of the BESSY II synchrotron radiation, i.e. x-ray flashes with a repetition rate of 500 MHz, the magnetization dynamics was stroboscopically imaged with a temporal resolution of about 10 ps, determined by the temporal width of the xray flashes in the low-alpha operation mode. Given this time structure, the excitation frequency had to be chosen as a rational multiple ("/$) of the 500 MHz probe frequency, where M is a free multiplier and N corresponds to the number of counting registers used. The intensity transmitted for each x-ray flash was detected by the fast avalanche photo diode and the resulting signal was routed to its respective counting register using a field-programmable gate array. Note that for a given excitation frequency (" $) * 500 ⁄ MHz, also higher integer (" ) harmonic responses of the sample can be resolved by this technique as long as (" * ") mod $ ≠ " mod $ . In case of " = 2 (frequency doubling) this criterion is fulfilled for all experimental data points. M5_ normalized _1µm_5.6GHz_178ps
M6_ normalized _1µm_8.5GHz_118ps
All movies show 10 repetitions of the observation period for a better visibility of the dynamic effects.
(b) Micromagnetic simulations
The simulated magnetic response of the sample [cf. SI (2) ] to an excitation of 7.4 GHz is provided as movie showing the perpendicular magnetic component mz, averaged over the film thickness:
M7_absolute_3µm_7.4GHz_135ps_sim
The spin wave mode profile of the first higher order mode, shown in Fig. 4 of the main text, is depicted at subsequent time steps in a movie, where the different panels appear in the order as in Fig. 4 of the main text and a description can be found in the corresponding figure caption:
M8_spin_wave_profile_8GHz_sim
For a better visibility of the dynamic effects both movies show 10 repetitions of the excitation period. To obtain the dispersion relation of spin waves in vortex structures, we performed simulations at different excitation frequencies by extracting the corresponding wavelength from different maxima of mz. The dispersion relation for the continuous film was determined as described in the methods section of the main text.
(c) Size dependence of vortex core driven spin-wave emission
To investigate the influence of the lateral sample dimensions on the spin-wave emission process, micromagnetic simulations for different disc diameters (1700, 1000, 500, 250 nm)
were performed using an in-plane rotating excitation field of f = 5 GHz. Here, the exchange constant was set to A = 0.55·10 For diameters of the order of 1 µm and above, there is no significant influence of the lateral size: The spiral spin-wave pattern in a smaller disc approximately resembles an equally sized fraction of the spiral in a larger disk. As the spin-wave signal decreases from the center to the edge, reducing the diameter of the disc results in spirals with higher amplitudes reaching the edges. For discs with smaller diameters than 1 µm, the spin-wave pattern is influenced by reflections from the edges. These simulations show, nevertheless, that by using smaller discs, spin-wave amplitudes of mz » 0.25 can be achieved at the disc edges. In order to obtain as large spin-wave amplitudes as possible the magnetic field amplitude was chosen to be slightly below the threshold for vortex core switching. 
Damon-Eshbach (experiment, sample diameter: 5µm) The Schlömann mechanism is based on a spatial variation of the ferromagnetic resonance frequency over the sample, originating from inhomogeneous static or dynamic demagnetizing fields. In this way, a locally increased ferromagnetic resonance may transduce to adjacent regions, where -at the same frequency-the dynamics already correspond to spin waves of finite wavelengths. Analytic approaches to describe this mechanism [S18] require a situation where on a dominant magnetic equilibrium background M0 small oscillations δM(t) are excited directly by the external magnetic field H(t).
On the other hand, a Fano resonance exists in general when a system continuous in frequency (here spin-wave dispersion) is coupled to a more discrete resonance (potentially vortex core gyration).
From both, general arguments and micromagnetic simulations we conclude that vortex core driven spin-wave generation falls into the category of Fano resonances rather than of the Schlömann mechanism. This is for the reasons as follow:
From experiments as well as simulations we know that a small but finite core gyration (orbiting of the core around its equilibrium position) coincides with the generation of spin waves. This implies that the magnetic orientation may change up to 180° during each excitation cycle in the core vicinity where the actual excitation occurs. While this point does not rule out a more general Schlömann like mechanism, it considerably complicates such a description. Secondly, we argue that this core gyration is even causal for the spin-wave generation observed as simulations using perpendicular field excitation of the same magnitude as for the in-plane case, -thereby not causing core gyration-did not result in any excited waves at the core, which is in disagreement with the Schlömann mechanism.
In order to identify the details of the spin-wave generation discussed, we performed a corresponding micromagnetic simulation. In the following, for the sake of simplicity, we consider the case of a rotating in-plane field for exciting the circular structure. In the simulation a vortex structure in a disc with a diameter of 1 µm and a thickness of 80 nm (i. and therefore, caused by the torque. Here, µ0 is the vacuum permeability, γ the gyromagnetic ratio and Heff the effective magnetic field.
In our case, the local effective field 8 9:: is composed of three different parts: internal exchange and dipolar fields, as well as the external field. Hence, the resulting total torque can be separated into its components stemming from these three different fields. We calculated separately the torque resulting from the externally applied field as well as the torque originating from the sum of the internal fields (demagnetizing and exchange). While the external field keeps the gyration to persist, overcoming damping by acting on the whole structure, the local torques in the core vicinity are mainly a consequence from exchange and demagnetizing fields occurring during core gyration. This becomes obvious by comparing the absolute values of the total torque (b) to the torque stemming from the external field directly (c) where the latter is, in the center region, more than an order of magnitude smaller. As the energy coupled into the spin-wave mode is continuously flowing away from the center as a consequence of wave propagation, a resonant direct field excitation can be ruled out to lead to such a strongly enhanced total torque. In particular, as the magnitude of this torque reaches almost its full value already during the first cycle of excitation, when the field is simulated to start with µ0Hext = 0.5 mT from the beginning.
Panel (d) shows the z-component of the torque originating from the effective field during core gyration. There is, clearly visible, a bipolar structure with opposing sign at diametric sides of the vortex core. This bipolar structure is identified as the excitation source of the spin waves and it is originating from the motion of the vortex core. Hence, an indirect spin-wave excitation mechanism seems natural.
To reveal the effect of the dynamics of the gyrating vortex core, we calculated the gyrotropic field that neglecting damping is given by [S13] :
If the amplitude is not chosen too high, i.e. below the vortex core switching threshold, the magnetisation is not changing with time in a reference frame that is rotating together with the external field around the axis of the disc. In this rotating reference frame, also 8 >?? and <6/<= are constant in time (<6/<= has to be evaluated incorporating the transformation and is related to the deviation of the magnetisation from the rotational symmetry and the excitation frequency (which in turn depends on 6 and f). Therefore within this rotating reference frame, not the torques but the fields are relevant.
The gyrotropic field calculated from the micromagnetic simulation is shown in Figure S From the arguments provided above we conclude that the high-amplitude spin-waves, observed in our experiment, are not directly excited by the external field in a Schlömann sense, but are rather a consequence of the dynamics of the field driven vortex core gyration. More abstractly, the effect can be seen as a local Fano resonance of the discrete core gyration mode with the continuum of propagating spin waves, mediated via a coherent and linear coupling.
In contrast to that, the quasi-uniform spin waves excited at the rim of the disc in our experiment cf. S4(a), are solely a consequence of the Schlömann mechanism. The spin-wave dispersion relations f(k) for an infinitely extended, homogeneously magnetized thin film can be analytically described according to Ref [S11] . Thereby the approximate nonhybridized dispersion of the quasi Damon-Eshbach mode is given by:
For the case of unpinned surface spins, the dispersion relations of the higher order modes are, neglecting mode hybridization, approximately given by the simplified equation [S11] :
with p>0 being a positive integer corresponding to the order of the perpendicular standing spin wave mode. From this equation, the influence of the layer thickness as well as the exchange constant and the saturation magnetization can be estimated. Additional TR-STXM measurements were carried out in order to image both the quasi-uniform mode and the first higher order mode for a common layer thickness. The first higher order propagating spin-wave mode was measured in a 100 nm thick Permalloy sample with a diameter of 1.7 µm. Measurements of the quasi-uniform mode were performed on a larger sample with 5 µm in diameter of a different 100 nm Permalloy deposition tool. While the first higher order spin waves were generated in the center utilizing the driven gyration of the vortex core, quasi-uniform waves were excited using the magnetic discontinuity at the edges of the disc as local perturbation source [S16] . The results are displayed in Figure S .3 as data points of the dispersion relation f(k).
Note that in general both spin-wave modes can be excited in each of the two different discs.
This becomes apparent e.g. by means of the movie M2. In addition to the short-wavelength first higher order waves propagating outwards, also a signature of an inwards propagating spin-wave belonging to the quasi-uniform mode can be seen here, yet with a wavelength exceeding the diameter of the disc. Therefore, a larger disk was imaged for measuring the dispersion of the long-wavelength quasi-uniform mode. The excitation of both spin-wave modes did not noticeably depend on the adjacent under-or overlayers of different discs.
Together with the experimental dispersion relation of the quasi-uniform (deep blue squares) and first higher order mode (light blue dots). It is noteworthy that first higher order waves are not efficiently excited from the magnetic discontinuity at the edge of the disc. While waves of very low amplitude can be identified in micromagnetic simulations, their amplitude is clearly insufficient to be detected in the experiment. The reason for this low excitation efficiency presumably lies in the mode versus excitation symmetry. The vertical profile of the in-plane component of the first higher order waves is almost antisymmetric whereas the field excitation is homogeneous in space, which from a symmetry point of view points to a strong suppression of the excitation.
On the other hand, in principle, quasi-uniform waves could be excited along with higher order waves from the high-amplitude perpendicular component of the gyrotropic field provided by the gyrating structure in the center. However, at the frequencies, where first higher order waves are emitted, from the vortex core region, the wavelengths of quasi-uniform waves (λ > 1 µm)
are exceeding the antenna size (~core diameter) by almost two orders of magnitude, which in turn renders the excitation efficiency to be considerably reduced. Moreover, when considering quasi-uniform wavelengths approaching the diameter of the core antenna for frequencies above 10 GHz, micromagnetic simulations reveal that the gyration response of the core at such frequencies is too small to cause an experimentally observable spin wave excitation.
(b) Permalloy layer thickness
In order to determine the layer thickness of the Permalloy sample discussed in the main text, a bright field transmission electron micrograph of a cross-sectional lamella, extracted from a reference sample was acquired (cf. 
